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AN MRAM ELEMENT AND METHODS FOR WRITING THE MRAM ELEMENT 



FIELD OF THE INVENTION 

[0001] The present invention generally relates to magnetoelectronics information devices, 
and more particularly relates to a Magnetoresistance Random Access Memory (MRAM) 
element and methods for writing the MRAM element. 

BACKGROUND OF THE INVENTION 

[0002] Magnetoelectronics, spin electronics and spintronics are synonymous terms for the 
use of effects predominantly caused by electron spin. Magnetoelectronics is used in 
numerous information devices, and provides non-volatile, reliable, radiation resistant, and 
high-density data storage and retrieval. The numerous magnetoelectronics information 
devices include, but are not limited to, Magnetoresistive Random Access Memory 
(MRAM), magnetic sensors and read/write heads for disk drives. 

[0003] Typically, a magnetoelectronics information device, such as an MRAM memory 
element, has a structure that includes multiple magnetic layers separated by various non- 
magnetic layers. Information is stored as directions of magnetization vectors in the 
magnetic layers, which are also referred to herein as magnetization states. Magnetic vectors 
in one magnetic layer are generally magnetically fixed or pinned, while the magnetization 
direction of the other magnetic layer is free to switch between the same and opposite 
directions that are called "parallel" and "antiparallel" magnetization states, respectively. In 
response to parallel and antiparallel magnetization states, the magnetic memory element 
exhibits different resistances. Therefore, a detection of change in the measured resistance 
allows a magnetoelectronics information device, such as an MRAM device, to provide 
information stored in the magnetic memory element. 

[0004] Accordingly, it is desirable to provide a magnetoelectronics information device 
that is configured to provide multiple magnetization states. In addition, it is desirable to 
provide methods of providing one or more magnetization states of a magnetoelectronics 
information device, which is also referred to herein as writing a magnetoelectronics 
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information device. Furthermore, other desirable features and characteristics of the present 
invention will become apparent from the subsequent description and the appended claims, 
taken in conjunction with the accompanying drawings. 

BRIEF SUMMARY OF THE INVENTION 

[0005] A magnetoelectronics information device is provided in accordance with the 
present invention. The magnetoelectronics information device includes a free magnetic 
region, a pinned magnetic region and a tunneling barrier interposed between the free 
magnetic region and the pinned magnetic region. The magnetic moments of the free 
magnetic region and the pinned magnetic region that are adjacent to the tunneling barrier are 
oriented to provide a first magnetization state when: a first magnetic field with a first field 
magnitude is produced in proximity to the magnetoelectronics information device at a first 
time, a second magnetic field with a second field magnitude is produced in proximity to the 
magnetoelectronics information device at a second time, the first magnetic field is adjusted 
to provide a third field magnitude that is less than the first field magnitude and greater than 
zero at a third time, and the second magnetic field is adjusted to provide a fourth field 
magnitude that is less than the second field magnitude at a fourth time (t4). 

[0006] A method is also provided for writing a magnetoelectronics information device 
having a free magnetic region, a pinned magnetic region and a tunneling barrier interposed 
between the free magnetic region and the pinned magnetic region. The method for writing 
the magnetoelectronics information device comprising the steps producing a first magnetic 
field with a first field magnitude in proximity to the magnetoelectronics information device 
at a first time, producing a second magnetic field with a second field magnitude in produced 
in proximity to the magnetoelectronics information device at a second time, adjusting the 
first magnetic field to provide a third field magnitude at a third time that is less than the first 
field magnitude and greater than zero, and adjusting the second magnetic field to provide a 
fourth field magnitude at a fourth time that is less than the second magnitude. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0007] The present invention will hereinafter be described in conjunction with the 
following drawing figures, wherein like numerals denote like elements, and 

[0008] FIG. 1 is a simplified sectional view of an MRAM element according to a first 
exemplary embodiment of the present invention; 

[0009] FIG. 2 is a simplified plan view of the MRAM element of FIG. 1 according to an 
exemplary embodiment of the present invention; 

[0010] FIG. 3 is a graph illustrating magnetic field combinations that produce a direct 
write and a toggle write in the MRAM element of FIG. 1 according to an exemplary 
embodiment of the present invention; 

[0011] FIG. 4 is a graph illustrating a timing diagram of magnetic fields for a direct write 
in the MRAM element of FIG. 1 according to an exemplary embodiment of the present 
invention; 

[0012] FIGs. 5-10 are illustrations of the movement of the magnetic moments during the 
direct write of FIG. 4 that results in a change in the value of the MRAM element; 

[0013] FIGs. 1 1-16 are illustrations of the movement of the magnetic moments during the 
direct write of FIG. 4 that does not result in a change in the value of the MRAM element; 

[0014] FIG. 17 is a graph illustrating a timing diagram of magnetic fields for a first toggle 
write in the MRAM element of FIG. 1 according to an exemplary embodiment of the 
present invention; 

[0015] FIG. 1 8-23 are illustrations of the movement of the magnetic moments during the 
toggle write of FIG. 17 that results in a change in the value of the MRAM element; 

[0016] FIG. 24-29 are additional illustrations of the movement of the magnetic moments 
during the toggle write of FIG. 1 7 that results in a change in the value of the MRAM 
element; 
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[0017] FIG. 30 is a graph illustrating a timing diagram of magnetic fields for a second 
toggle write in the MRAM element of FIG. 1 according to an exemplary embodiment of the 
present invention; 

[0018] FIG. 31-35 are illustrations of the movement of the magnetic moments during the 
toggle write of FIG. 30 that results in a change in the value of the MRAM element; and 

[0019] FIG. 36-40 are additional illustrations of the movement of the magnetic moments 
during the toggle write of FIG. 30 that results in a change in the value of the MRAM 
element; and 

[0020] FIG. 41 is graph illustrating magnetic field combinations with the application of 
the bias field. 



DETAILED DESCRIPTION OF THE INVENTION 

[0021] The following detailed description of the invention is merely exemplary in nature 
and is not intended to limit the invention or the application and uses of the invention. 
Furthermore, there is no intention to be bound by any expressed or implied theory presented 
in the preceding background of the invention or the following detailed description of the 
invention. 

[0022] Referring to FIG. 1, a magnetoelectronics information device, which is configured 

as an MRAM element 98, is shown in accordance with an exemplary embodiment of the 

present invention. The MRAM element 98 can be any number of MRAM elements such as 

the MRAM element as originally described in United States Patent No. 6,545,906, titled "A 

Method of Writing to a Scalable Magnetoresistance Random Access Memory Element," 

filed October 16, 2001, naming Leonid Savtchenko as an inventor, which is hereby 

incorporated in its entirety by reference and shall be referred to hereinafter as the 

Savtchenko Reference. However, other MRAM elements and magnetoelectronics 

information devices are available in accordance with the present invention (e.g., magnetic 

sensors and read/write heads). Furthermore, while a single MRAM element 98 is illustrated 

and described in this detailed description, multiple MRAM elements are typically used to 

form an MRAM, and multiple magnetoelectronics information devices are generally used to 

form a magnetic sensor and read/ write heads, or other devices. 
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[0023] Generally, the MRAM element 98 includes a Magnetic Tunnel Junction (MTJ) 100 
interposed between two write lines (102,104). The MTJ 100 has two magnetic regions 
(106,108) and a tunneling barrier region 1 10 interposed between the two magnetic regions 
(106,108). The two magnetic regions (106,108) are multi-layer structures and the tunnel 
barrier region 1 10 is illustrated as a single layer structure even though a multi-layer structure 
can be used in accordance with the present invention. 

[0024] The multi-layer structure of one magnetic region 106 is a tri-layer structure that 
has a non-magnetic layer 1 14 interposed between two ferromagnetic layers (1 16,1 18). The 
other magnetic region 108 is a dual-layer structure having an anti-ferromagnetic layer 122 
and a ferromagnetic layer 124, and the tunnel barrier region 1 10 is a single layer structure 
formed of one or more non-conductive materials. However, the magnetic regions (106,108) 
and the tunnel barrier region 110 can have additional layers to form other multi-layer 
structures than the tri-layer structure, dual-layer structure, and single layer structure. For 
example, the magnetic regions (106,108) and/or the tunnel barrier region 110 can have one 
or more additional anti-ferromagnetic layers, ferromagnetic layers, substrate layers, seed 
layers, non-conductive layers and/or template layers. 

[0025] The non-magnetic layer 114 can be formed of any number of suitable non- 
magnetic or anti-ferromagnetic materials such as ruthenium (Ru), osmium (Os), rhenium 
(Re), chromium (Cr), rhodium (Rh), or copper (Cu), or combinations thereof, and the anti- 
ferromagnetic layer 122 can be formed with any number of suitable anti-ferromagnetic 
materials such as manganese alloys (e.g., iridium manganese (IrMn), iron manganese 
(FeMn), rhodium manganese (RhMn), platinum manganese (PtMn), and platinum palladium 
manganese (PtPdMn)). The ferromagnetic layers (116,118,124) can be formed of any 
number of suitable ferromagnetic materials such as nickel (Ni), iron (Fe), or cobalt (Co), or 
combinations thereof (e.g., nickel iron (NiFe), cobalt iron (CoFe) and nickel iron cobalt 
(NiFeCo)) and the tunnel barrier region 1 1 0 can be formed of one or more non-conductive 
materials. For example, the tunnel barrier region 110 can be formed of aluminum oxide 
(A1 2 0 3 ), hafnium oxide (Hf0 2 ), Boron oxide (B 2 0 3 ), tantalum oxide (Ta 2 0 5 ), zinc oxide 
(Zn0 2 ) and other oxides, nitrides, or other suitable dielectrics. However, other materials or 
combination of materials can be used in these layers in accordance with the present 
invention. 
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[0026] The formation of the non-magnetic 114 interposed between the two ferromagnetic 
layers (116,118) provides a free magnetic region 106, which as used herein shall mean a 
magnetic region with a resultant magnetic moment 132 that is free to rotate in the presence 
of an applied magnetic field. In addition, the formation of the anti-ferromagnetic layer 122 
and the ferromagnetic layer 124 forms a pinned magnetic region 108, which as used herein 
shall mean a magnetic region with a resultant magnetic moment 134 that does not typically 
rotate in the presence of the applied magnetic field that rotates the resultant magnetic 
moment 132 of the free magnetic region 106. The resultant magnetic moment 134 of the 
pinned magnetic region 108 is substantially pinned in a predefined direction, which can be 
any number of directions in accordance with the present invention, and the resultant 
magnetic moment 132 of the free magnetic region 106 is the result of the magnetic moments 
(128,130) of the ferromagnetic layers (1 16,1 18), which are both preferably free to rotate. 

[0027] The free magnetic moments (128,130) of the free magnetic region 106 are 
preferably non-parallel with respect to each other and more preferably at least substantially 
anti-parallel. The magnetic moments (128,130) of the ferromagnetic layers (1 16,1 18) are 
preferably unbalanced, which as used herein shall mean that the fractional balance ratio 
(Mbr) as set forth in equation (1) is in the range of about five hundredths (0.05) to about one 
tenth (0.1) (i.e., 0.05 < M br <0.1). 

M br = AM/M to ta, = ( | M 2 | - | Mi | )/( | Mi | + | M 2 | ) ( 1 ) 

Where | Mi | is the magnitude of one magnetic moment (e.g., magnetic moment 128) of the 
free magnetic region 106 and | M 2 | is the magnitude of the other magnetic moment (e.g., 
130) of the free magnetic region 106. The magnitudes of the magnetic moments (128,130) 
of the free magnetic region 106 can be selected using any number of techniques know to 
those of ordinary skill in the art. For example, the thicknesses (112,120) of the 
ferromagnetic layers (116,118) can be adjusted to provide moments with magnitudes that 
provide the slight imbalance or different ferromagnetic materials can be used in the 
formation of the free magnetic region. 

[0028] The magnetic moments (128,130) of the free magnetic region 106 are preferably 
coupled with the non-magnetic layer 114. While the non-magnetic layer 114 anti- 
ferromagnetically couples the magnetic moments (128,130) of the ferromagnetic layers 
(116,118), it will be understood that the anti-ferromagnetic coupling can be provided with 
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other mechanisms. For example, the mechanism for anti-ferromagnetically coupling can be 
magnetostatic fields. 

[0029] The relative orientation of the resultant magnetic moment 134 of the pinned 
magnetic region 108 and the resultant magnetic moment 132 of the free magnetic region 
106, which are effectively the magnetic moments of the ferromagnetic layer 124 and the 
ferromagnetic layer 118 adjacent to the tunnel barrier region 110, respectively, affects the 
resistance of the MTJ 100. Therefore, as the resultant magnetic moment 132 of the free 
magnetic region 106 rotates and the resultant magnetic moment 134 of the pinned magnetic 
region 108 remains substantially constant, the resistance of the MTJ 100 changes and the 
varying resistance values can be assigned any number of values. 

[0030] The values of the MTJ 100 are binary values (e.g., 0 or 1) in accordance with an 
exemplary embodiment of the present invention. One of the binary values corresponds to a 
substantially parallel orientation between the resultant moment 132 of the free magnetic 
region 106 and the resultant magnetic moment 134 of the pinned magnetic region 108 (i.e., 
one of two magnetization states). The other binary value corresponds to a substantially anti- 
parallel orientation between the resultant moment 132 of the free magnetic region 106 and 
the resultant magnetic moment 134 of the pinned magnetic region 108 (i.e., the other 
magnetization state of the two magnetization states). The resistance of the MTJ 100 with 
the substantially anti-parallel orientation provides a first resistive value and the resistance of 
the MTJ 100 with the substantially parallel orientation provides a second resistive value. 
Therefore, the binary value can be determined by measuring the resistance of the MTJ 100 
(i.e., reading the MTJ), and repositioning the resultant magnetic moment 132 of the free 
magnetic region 106 changes the binary value stored by the MTJ 100 (i.e., writing the MTJ). 

[0031] Referring to FIG. 2, the resultant magnetic moment 132 of the free magnetic 
region 106 is preferably oriented along an anisotropy easy-axis 133 in a direction that is at 
an angle (<D W or 3> B ) 135 with respect to at least one of the two lines (102,104), which shall 
be referred to herein as the word line 102 and the bit line 104 for clarity and convenience. 
More preferably, the resultant magnetic moment 132 is oriented along an anisotropy easy- 
axis 133 in a direction that is at about a forty-five degree (45°) angle with respect to the 
word line 102 (i.e., O w ~ 45°) or the bit line 104 (i.e., <D B ~ 45°) and preferably at such an 
angle with the word line 102 and the bit line 104 (i.e., O w ~ 45° and <D B ~ 45°). However, 
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other orientations of the resultant magnetic moment 132 with respect to the word line 102 
and/or the bit line 104 can be used in accordance with the present invention. 

[0032] In addition to the preferred orientation of the resultant magnetic moment 132 with 
respect to the word line 102 and/or the bit line 103, the word line 102 is preferable oriented 
at an angle (O) 126 with respect to the bit line 104. Preferably, the angle (0) 126 is about 
ninety degrees (90°) or ninety degrees (90°). However, other angles can be used in 
accordance with the present invention. 

[0033] The orientation of the word line 102 and the bit line 104 and the proximity of these 
lines (102,104) to the MTJ 100 provides a configuration in which two magnetic fields 
(136,138) produced by the two lines (102,104) can alter the direction of the magnetic 
moments (128,130) of the ferromagnetic layers (116,118) and therefore alter the orientation 
of the resultant magnetic moment 132 to change the binary value stored by the MTJ 100 
(i.e., writing the MTJ). One magnetic field 136 is preferably produced with the introduction 
of an electrical current 140 in the word line 102 and the other magnetic field 138 is 
preferably produced with the introduction of an electrical current 142 in the bit line 104. 
Therefore, the magnetic field 136 produced by the electrical current (I w ) 140 in the word line 
102 shall be referred to as the word magnetic field (H w ) and the magnetic field 138 
produced by the electrical current 142 in the bit line 104 shall be referred to as the bit 
magnetic field (H B ) for convenience. 

[0034] Referring to FIG. 3, a graph is presented that illustrates the writing regions for the 
MTJ 98 shown in FIG. 1 and FIG. 2 in relation to the application of the word magnetic field 
(H w ) 136 and the bit magnetic field (H B ) 138 as shown in FIG. 2. There are two writing 
regions, which are the direct write regions 146 and the toggle write regions 148, and a no 
switching region 144. The combination of magnetic fields (136,138) associated with the no 
switching regions 144 do not affect a write as the combination of magnetic fields associated 
with the no switching regions do not alter the respective orientation of the resultant 
magnetic moments. However, the combination of magnetic fields (136,138) in the direct 
write regions 146 and toggle write regions 148 have the potential of altering the respective 
orientation of the resultant magnetic moments. 

[0035] The combination of magnetic fields (136,138) associated with the toggle write 
regions 148, which will be referred herein as a toggle write, results in a reorientation of the 



8 



UTILITY PATENT APPLICATION 
ATTORNEY DOCKET NO. 001.0089 



resultant magnetic moments irrespective of the existing moment orientation of the MTJ. For 
example, if the resultant magnetic moments of the free magnetic region and the pinned 
magnetic region are at least substantially parallel and a toggle write is conducted, the 
resultant magnetic moments are changed to the at least substantially anti-parallel orientation 
after the toggle write. Conversely, if the resultant magnetic moments are at least 
substantially anti-parallel and a toggle write is conducted, the resultant magnetic moments 
are altered to the at least substantially parallel orientation after the toggle write. Therefore, 
the toggle write changes the binary value to the other binary value regardless of the binary 
value stored at the time the toggle write commences. 

[0036] In contrast to the toggle write, the combination of magnetic fields (136,138) 
associated with the direct write regions 146, which will be referred to herein as a direct 
write, results in a reorientation of the resultant magnetic moments only if the desired 
orientation of the resultant magnetic moments that is sought by the direct write is different 
than the existing orientation of the resultant magnetic moments prior to the direct write. For 
example, if the resultant magnetic moments are at least substantially parallel and a direct 
write is conducted to request an at least substantially parallel orientation between the 
resultant magnetic moments, the resultant magnetic moments remain in the at least 
substantially parallel orientation. However, if the resultant magnetic moments are at least 
substantially parallel and a direct write is conducted to request an at least substantially anti- 
parallel orientation between the resultant magnetic moments, the resultant magnetic 
moments are oriented into the at least substantially anti-parallel orientation. Conversely, if 
the resultant magnetic moments are at least substantially anti-parallel and a direct write is 
conducted to request an at least substantially anti-parallel orientation between the resultant 
magnetic moments, the resultant magnetic moments remain in the at least substantially anti- 
parallel orientation, and if the resultant magnetic moments are at least substantially anti- 
parallel and a direct write is conducted to request an at least substantially parallel orientation 
between the resultant magnetic moments, the resultant magnetic moments are oriented into 
the at least substantially parallel orientation. 

[0037] The requested orientation in a direct write is determined by the polarity of the 
magnetic fields. For example, if a parallel orientation between the resultant magnetic 
moments is sought, two positive magnetic fields are applied to the free magnetic region and 
if an anti -parallel orientation between the resultant magnetic moments is sought, both 
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magnetic fields are negative. However, the MTJ 100 can be configured for direct write 
configurations with other polarities. 

[0038] Referring to FIG. 2, the polarities of the magnetic fields (136,138) and the 
magnitudes of the magnetic fields (136,138) for the direct write and toggle write are 
produced in this exemplary embodiment with the introduction and adjustment of electrical 
currents (140,142) in the word line 102 and the bit line 104 with the corresponding polarities 
and magnitudes. As can be appreciated by those of ordinary skill in the art, introduction of 
an electrical current in a line produces a corresponding magnetic field about the line. 
Therefore, introduction of an electrical current 140 in the word line 102 and introduction of 
an electrical current 142 in the bit line 104 will produce the word magnetic field 136 and a 
bit magnetic field 138, respectively. Furthermore, a positive current 150 and a negative 
current 152 in the bit line 104, which are arbitrarily defined for illustrative purposes, 
produces a positive bit magnetic field 154 and a negative bit magnetic field 156, 
respectively. In addition, a positive current 158 in the word line 102 and a negative current 
160 in the word line 102, which are arbitrarily defined for illustrative purposes, produces a 
positive word magnetic field 162 and a negative word magnetic field 164, respectively. 
Furthermore, an increase in the magnitude of the electrical current 140 in the word line 104 
and an increase in the magnitude of the electrical current 142 in the bit line 102 results in an 
increase in the magnitude of the word magnetic field 136 and bit magnetic field 138, 
respectively. Moreover, a decrease in the magnitude of the electrical current 140 in the 
word line 104 and a decrease in the magnitude of the electrical current 142 in the bit line 
102 results in a decrease in the magnitude of the word magnetic field 136 and bit magnetic 
field 138, respectively. 

[0039] The increases and/or decreases in the magnitudes of the word magnetic field 136 
and the bit magnetic field 138 are controlled to provide combinations of direct writes or a 
combination of a direct write and a toggle write in order to write the desired binary value 
without a reading action. Examples of these combinations are set forth in equation (2), 
equation (3), equation (4) and equation (5), with the polarities for the magnetic fields 
associated with the first quadrant (Ql) and third quadrant (Q3) of FIG. 3: 

First Binary Value = DW (Ql) and Second Binary Value = DW (Ql) +TW(Q1) (2) 

First Binary Value = DW (Q3) and Second Binary Value = DW (Q3)+TW(Q3) (3) 
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First Binary Value = DW (Q 1 ) and S econd Binary Value = DW (Q3) (4) 

First Binary Value = DW (Q3) and Second Binary Value = DW (Ql ) (5) 

[0040] Referring to FIG. 4, a sequence is illustrated for generating magnetic fields with 
the application of currents to perform the direct write (DW) in equation (2), equation (3), 
equation (4), and equation (5) in accordance with an exemplary embodiment of the present 
invention. A bit magnetic field having a first bit magnitude ( | Hbi ] ) 170 is produced at a 
first time (ti) 172 with the introduction of an electrical current in the bit line and a word 
magnetic field having a first word magnitude ( | H W i | ) 1 74 is produced at a second time (t 2 ) 
176 with an introduction of an electrical current in the word line. After the word magnetic 
field having the first word magnitude ( | H W i | ) 174 is produced at the second time (t 2 ) 176, 
the current in the bit line current is adjusted to reduce the bit magnetic field to a second bit 
magnitude ( | H B2 | ) 178 at a third time (t 3 ) 180. The second bit magnitude ( | H B2 | ) 178 is 
preferably less than the first bit magnitude (| H B i | ) 170 and greater than zero. More 
preferably the second bit magnitude ( | H B2 | ) 178 is preferably less than about seventy-five 
percent (75%) of the first bit magnitude ( ( H B i | ) 170 and greater than about twenty five 
percent of the (25%) of the first bit magnitude ( | H B] | ) 170, and more preferably about fifty 
percent (50%) of the first bit magnitude ( | H B i | ) 170. 

[0041] Once the bit magnetic field is reduced to the second bit magnitude ( | H B2 1 ) 178, 
the current in the word line is adjusted to reduce the word magnetic field to a second word 
magnitude ( | H w2 | ) 1 82 at a fourth time (U) 1 84. The second word magnitude ( | H W 2 | ) 
182 is preferably less than about fifty percent (50%) of the first word magnitude ( | H W i | ) 
174, more preferably less than about twenty-five percent (25%) of the first word magnitude 
( | H W i | ) 174, and even more preferably less than about five percent (5%) of the first word 
magnitude ( | H W i | ) 174. Subsequent to this reduction in the magnitude of the word 
magnetic field to the second word magnitude ( | H W 2 | ) 1 82, the bit magnetic field is further 
reduced to a third bit magnitude ( | H B3 1 ) 1 86 with a reduction in the current in the bit line 
at a fifth time (t 5 ) 188. The third bit magnitude ( | H B3 1 ) 186 is preferably less than about 
fifty percent (50%) of the second bit magnitude ( | H B2 | ) 178, more preferably less than 
about twenty-five percent (25%) of the second bit magnitude ( | H B2 | ) 178, even more 
preferably less than about five percent (5%) of the second bit magnitude ( | H B2 | ) 174, and 
this reduction completes the direct write sequence. 
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[0042] Once the direct write sequence is completed, the magnetic moments (128,130) and 
therefore the resultant magnetic moment 132 of the free magnetic layer is rotated in a 
manner as shown in FIGs. 5-10 if the desired moment orientation that is sought by the direct 
write is different than the existing orienation of the resultant magnetic moment prior to the 
direct write. Alternatively, the magnetic moments (128,130) and therefore the resultant 
magnetic moment 132 of the free magnetic layer is rotated in a manner as shown in FIGs. 
11-16 if the desired moment orientation that is sought by the direct write is the same as the 
existing orientation of the resultant magnetic moment prior to the direct write. Therefore, 
regardless of the initial orientation of the resultant magnetic moment, a known orientation of 
the resultant magnetic moment is produced with the direct write sequence previously 
described with reference to FIG. 4. Accordingly, the first binary value is produced with the 
direct write and a toggle write can be conducted to switch the first binary value to the 
second binary value as the toggle write results in the reorientation of the resultant magnetic 
moment irrespective of the existing moment orientation as previously discussed in this 
detailed description of the invention. 

[0043] Referring to FIG. 17, a first sequence is illustrated for generating magnetic fields 
with the application of currents to perform the toggle write (TW) in equation (2) and 
equation (3) which is conducted after the direct write sequence is conducted as previously 
described with reference to FIG. 4. A word magnetic field having a first word magnitude 
( | Hwi | ) 190 is produced at a first time (ti) 192 with the introduction of a current in the 
word line and a bit magnetic field having a first bit magnitude ( | H B i | ) 1 94 is produced at a 
second time (t 2 ) 196. After the bit magnetic field having the first bit magnitude ( | H B i | ) 
194 is produced at the second time (t 2 ) 196, the current in the word line is adjusted to reduce 
the word magnetic field to a second word magnitude ( | H W 2 | ) 198 at a third time (t 3 ) 200. 
The second word magnitude ( | H W 2 | ) 198 is preferably less than about fifty percent (50%) 
of the first word magnitude ( | H W i | ) 190, more preferably less than about twenty-five 
percent (25%) of the first word magnitude ( | H W i | ) 190, and even more preferably less than 
about five percent (5%) of the first word magnitude ( | H W i | ) 190. 

[0044] Once the word magnetic field is reduced to the second word magnitude ( | H W 2 | ) 

198, the current in the bit line is adjusted to reduce the bit magnetic field to a second bit 

magnitude ( | H B2 | ) 202 at a fourth time (U) 204. The second bit magnitude ( | H B2 | ) 202 is 

preferably less than the first bit magnitude ( | H B i | ) 194 and greater than zero. More 

preferably the second bit magnitude ( | H B2 | ) 202 is preferably less than about seventy-five 
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percent (75%) of the first bit magnitude ( | H B i | ) 194 and greater than about twenty five 
percent of the (25%) of the first bit magnitude, and more preferably about fifty percent 
(50%) of the first bit magnitude ( | H B i | ) 194. Subsequent to this reduction in the 
magnitude of the bit magnetic field to the second bit magnitude ( | H B 2 | ) 202, the bit 
magnetic field is further reduced to a third bit magnitude ( | H B 3 | ) 206 with a reduction in 
the current in the bit line at a fifth time (t 5 ) 208. The third bit magnitude ( | H B3 1 ) 206 is 
preferably less than about fifty percent (50%) of the second bit magnitude ( | H B 2 | ) 202, 
more preferably less than about twenty-five percent (25%) of the second bit magnitude 
( | Hb2 | ) 202, even more preferably less than about five percent (5%) of the second bit 
magnitude ( | H B 2 | ) 202, and this reduction completes the toggle sequence, which rotates 
the free magnetic layer in a manner as shown in FIGs. 1 8-23 or FIGs. 24-29 to provide the 
second binary value. 

[0045] Referring to FIG. 30, another sequence is illustrated for generating magnetic fields 
with the application of currents to perform the toggle write (TW) in equation (2) and 
equation (3), which is conducted after the direct write sequence is conducted as previously 
described with reference to FIG. 4. A bit magnetic field having a first bit magnitude 
( | H B i | ) 210 is produced at a first time (ti) 212 with the introduction of a current in the bit 
line and a word magnetic field having a first word magnitude ( | Hwi | ) 214 is produced at a 
second time (t 2 ) 216. After the word magnetic field having the first word magnitude 
( | Hwi | ) 214 is produced at the second time (t 2 ) 216, the current in the bit line current is 
adjusted to reduce the bit magnetic field to a second bit magnitude ( | H B 2 | ) 218 at a third 
time (t 3 ) 220. The second bit magnitude ( | H B2 | ) 218 is preferably less than about fifty 
percent (50%) of the first bit magnitude ( | H B i | ) 210, more preferably less than about 
twenty-five percent (25%) of the first bit magnitude ( | H Bi | ) 210, and even more preferably 
less than about five percent (5%) of the first bit magnitude ( | H B i | ) 210. Once the bit 
magnetic field is reduced to the second word bit ( | H B2 | ) 218, the current in the word line is 
adjusted to reduce the word magnetic field to a second word magnitude ( | Hw2 | ) 222 at a 
fourth time (tj) 224. The second word magnitude ( | H W 2 | ) 222 is preferably less than about 
fifty percent (50%) of the first word magnitude ( | H W i | ) 214, more preferably less than 
about twenty-five percent (25%) of the first word magnitude ( | H W i | ) 214, and even more 
preferably less than about five percent (5%) of the first word magnitude ( | Hwi | ) 214, and 
this reduction completes the toggle sequence, which rotates the free magnetic layer in a 
manner as shown in FIGs. 31-35 or 36-40 to provide the second binary value. 
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[0046] As can be appreciated by those of ordinary skill in the art, a combination of the 
foregoing direct writes or a combination of the direct write and the toggle write as 
previously described provide for a write sequence without a read sequence. Without 
intending to be bound by any expressed or implied theory, it is believed that the adjustment 
of the current in the bit line to reduce the bit magnetic field to a second bit magnitude 
( | H B 2 I ) 178 as shown in FIG. 4 provides a bias field during the direct write that couples to 
the net magnetic moment of the free magnetic region. The bias field cases the MTJ to have 
a preferred magnetization state when the magnetic moment is aligned with the bias field. 
The bias field then eliminates the possibility of a toggle event since the net moment is going 
against the applied bias field in this case. Therefore, with the application of the bias field, 
the pulse sequences described in this detailed description will have the preferred 
magnetization state as the end result, and the direct write regions as shown in FIG. 3 are 
effectively extended as shown in FIG. 41. Accordingly, a direct write can be conducted to 
place the MTJ in a known magnetization state and a toggle write can be conducted to place 
the MTJ in the other magnetization state if this other magnetization state is sought. 

[0047] While at least one exemplary embodiment has been presented in the foregoing 
detailed description of the invention, it should be appreciated that a vast number of 
variations exist. It should also be appreciated that the exemplary embodiment or exemplary 
embodiments are only examples, and are not intended to limit the scope, applicability, or 
configuration of the invention in any way. Rather, the foregoing detailed description will 
provide those skilled in the art with a convenient road map for implementing an exemplary 
embodiment of the invention. It being understood that various changes may be made in the 
function and arrangement of elements described in an exemplary embodiment without 
departing from the scope of the invention as set forth in the appended claims. 
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